A system for the isolation and functional evaluation of fetal liver erythroblasts is described. Isolated erythroblasts were prepared from 14-day embryonic avian livers and incubated at various oxygen tensions (0, 5, 12, and 95%). The concentration of ATP in erythroblasts remained constant for at least 4 hr at 3 7 O , but was rapidly reduced by incubation in nitrogen. Protein synthesis as measured by L-[14C]leucine incorporation into cell protein occurred at a linear rate in 5%, 12%, and 95% oxygen, whereas little protein synthesis occurred at 0% oxygen. The effect of hypoxia on the type of hemoglobin synthesized was studied in this system by isolating the hemoglobin A, hemoglobin D, and hemoglobin H fractions and determining the incorporation of L-['T]leucine. The major fraction, hemoglobin A, contained most of the radioactivity; smaller amounts were present in hemoglobin D and hemoglobin H, respectively. The relative proportion of each hemoglobin synthesized was not altered by oxygen from 5% to 95%. These results argue against a direct effect of oxygen on the type of hemoglobin synthesized a t this stage of development.
Speculation
Early in fetal development nonerythropoietin mechanisms for the regulation of erythropoiesis may exist. The hypoxic stimulus to erythropoiesis is mediated through erythropoietin in definitive erythroblasts, but may have a direct effect in primitive erythroblasts.
A major step towards therapy for sickle cell anemia and the thalassemia syndromes, the most common of the hereditary hemolytic anemias, would be an understanding of erythropoiesis during development. In man the pattern is probably like that in the avian embryo, where erythropoiesis develops from a primitive to a definitive cell with associated changes from embryonic to adult hemoglobins (I 1, 12, 14, 22, 36, 43) . A similar developmen-tal pattern occurs in mouse as well as during morphogenesis of the bull frog (2, 3 1).
In the primitive cell line of the early avian embryo, the total hemoglobin contains approximately 70% hemoglobin P, 20% hemoglobin E, and 10% hemoglobin M . In the definitive cell line of the late embryo and adult, 75% of the total hemoglobin is hemoglobin A and 25% hemoglobin D (9, 10, 36) . A small percentage of "hatching" hemoglobin, hemoglobin H, appears in late embryos and newly hatched chicks but not in the adult chicken (9, 10) .
The differentiation of the definitive cell is for the most part responsive to erythropoietin, whereas primitive cells probably do not respond to erythropoietin (35, 37) . Since avian fetal livers may contain both primitive and definitive erythroblasts, the present studies were undertaken to establish an in vitro model for the maintenance of fetal erythroblasts and to examine the effects of hypoxia on hemoglobin synthesis in such cells.
M A T E R I A L S A N D M E T H O D S
All chemicals were of reagent grade. Enzymes were purchased from Sigma Chemical Co. L-['4C]Leucine (specific radioactivity = 10 mCi/mmol) was purchased from New England Nuclear Corp. Trypan blue in Hanks' balanced salt solutions was from Gibco. The stock solutions for the preparation of the cell isolation and incubation solutions were from Gibco: solutiotl I was Hanks' balanced salt solution without Ca+-, and with 2 x glucose and bicarbonate, pH 7.40, and containing 1 mM EGTA. This solution was gased with 95% 0,:5% CO, before use. Solution II was Eagle's minimal essential medium in Hanks' balanced salt solution without phenolphthalein with 2 x glucose, 2 x bicarbonate, 1 x glutamine, pH 7.40, and containing 52.4 mg Lleucine/liter. This solution was gased with 95% 0,:5% CO, before use.
C E L L ISOLATION
Isolated erythroblasts and hepatocytes were obtained from embryonic chick liver by a modification of the technique described by Hommes et al. (21) for the isolation of hepatocytes from fetal rat liver. Fourteen-day chick embryo livers were removed at room temperature and placed into ice-cold solution I. Each experiment required 36-48 eggs. All of the following procedures were performed at 4" unless otherwise noted. The tissues were gently shaken in a mixture of approximately 1: 10 (tissue to medium) for 15 min after which the tissue and medium were centrifuged for 15 min at 240 x g. The supernatant solution was decanted and fresh solution I was added to resuspend the pellet. These steps of centrifugation and washing were repeated twice. At this stage virtually all hepatic tissue was dispersed into isolated cells or remained as a connective tissue structure. The pellet was then resuspended in solution I I (containing C a + + and without EGTA) and filtered through four layers of cheesecloth to remove the connective tissue structure. The isolated cells were then washed four times with fresh solution I I and centrifuged at 60 x g for 5 min. Since hepatocytes are much larger and heavier than the erythroblasts, the two cell populations were separated by repeated centrifugation at 3. several hours of incubation in a variety of oxygen concentrations plus 5% CO,, maintenance of constant pH was required. In preliminary experiments, the isolated erythroblasts were incubated at 37" for up to 4 hr in a sealed chamber containing pH electrodes, an oxygen electrode which was calibrated and coupled to a Keithly potentiometer (8), a gas inlet, a gas outlet, and a cell suspensionsampling outlet. During the 4-hr incubation, the pH was maintained between 7.38 and 7.40.
D E T E R M I N A T I O N OF H E M O G L O B I N S Y N T H E S I S
Aliquots of a suspension of isolated erythroblasts were incubated at 37' in one of the following gas mixtures: (95% 0,:5% CO,), (12% 0,:5% CO,:83% N,), (5% 0,:5% CO,:90% N,), or (0% 0,:5% CO,:95% N,), L-["CILeucine (5 yCi) in 0.9% NaCl was added to each tube containing 4 ml of cell suspension. The tubes were sealed, gased for 5 min at 4' and then placed in a metabolic shaking bath at 37" with continuous gassing. To avoid altering the gas phase, samples were taken by removing aliquots of the cell suspension via a Gilson Minipuls pump. Aliquots taken for measurement of the rate of protein and hemoglobin synthesis were prepared as follows. The cells were packed by centrifugation and washed three times with 0.9% NaCl. The final pellet was lysed by addition of 150 y1 distilled water and stored frozen at -15". Subsequently the frozen lysates were thawed and 100 mg carrier chicken hemoglobin were added. After sonication they were centrifuged in a microfuge at 10,000 x g for 5 min. The hemoglobin was present in the supernatant solution. The radioactivity of the trichloroacetic acid (TCA)-precipitable protein was determined in aliquots which contained 4 mg hemoglobin.
Hemoglobin H, A, and D fractions were prepared from an aliquor of supernatant solution which contained 25 mg hemoglobin by electrophoresis on a starch block in Verona1 buffer, pH 8.6, for 16 hr (28) . The hemoglobin fractions separated distinctly and the block was cut into seven bands as shown in Figure 1 . Bands 2, 4, and 6 corresponded to hemoglobins D, A, and H, respectively, and bands 1, 3, 5, and 7 were the areas between the outside of these visible hemoglobin fractions. Each band was eluted with water and suctioned through a sintered glass filter. The hemoglobin concentration was measured and the total hemoglobin was either brought to 4 mg with carrier hemoglobin or an aliquot containing 4 mg was used. In all experiments, the carrier hemoglobin was obtained by hemolyzing the erythrocytes of 13-, 15-, and/or 17-day-old avian embryos. As shown in Figure 1 , the proportion of the various hemoglobin fractions is very similar at those ages when examined by starch gel electrophoresis.
The radioactivity of the fractions was determined as follows. The proteins were precipitated with cold 10% TCA, were washed twice with 5% TCA which contained 50 rnM L-leucine, and were dissolved in 1.0 N NaOH. They were reprecipitated with 10% TCA and washed once with 5% TCA containing 50 mM L-leucine and once with 5% TCA. The precipitates were suspended in water and after adding acetone were reprecipitated by the addition of 2 N HCI. Acetone was again added and the decolorized, whitish precipitate was washed once with cold acetone. The precipitates were then washed twice with ethanol-ether (3: 1, v/v), once at room temperature and once at 56O, washed twice with ether, and finally dissolved in 0.1 N NaOH. The protein concentration in an aliquot was determined (30) and another aliquot, which was dissolved in Aquasol:H,O (6:1, v/v), was counted in a Tri-Carb liquid sci-ntillation spectrometer. An internal standard was added to correct quenching in each sample. The counting efficiency was 45%. The activity was expressed as specific activity (counts per min per mg protein) and/or total activity (total counts per min). Light microscopy revealed intact isolated cells with over 95% erythroblasts and less than 5% hepatocytes (Fig. 2) . Over 95% of the cells effectively excluded trypan blue dye.
The biochemical viability of the cells was assessed by following cellular ATP concentrations. ATP concentrations from various preparations were approximately 5 nmol/mg protein. As seen in Figure 3A , cellular ATP levels were maintained at constant levels for at least 4 hr at 37' in an oxygen atmosphere. However, erythroblast ATP concentration rapidly fell to less than 20% control levels when placed in nitrogen (Fig. 3A) . This rapid decrease in cellular ATP concentrations was promptly restored to normal by oxygen (Fig. 3B) .
EFFECT O F O X Y G E N O N HEMOGLOBIN S Y N T H E S I S
In order to determine the effect of various oxygen tensions on hemoglobin synthesis, the radioactivity of the hemoglobin was determined in aliquots of reaction mixtures which had been incubated at 0%, 5%, 12%, and 95% oxygen, respectively. Aliquots of incubation mixtures from each oxygen tension were removed at 1, 2, 3, and 4 hr, the hemoglobin was precipitated with TCA and the incorporation of radioactive leucine determined. The results are shown in Figure 4 . The total radioactivity incorporated into the TCA-precipitable protein was approximately equal at 5%, 12%, and 95% oxygen for 3 hr and probably for 4 hr. Very little synthesis occurred in an environment of 0% oxygen. Total radioactivity in hemoglobin was used as the measure of synthesis since hemoglobin represents the majority of total cell protein in ery-
EFFECT O F O X Y G E N O N T Y P E O F H E M O G L O B I N S Y N T H E S I Z E D
The effect of oxygen on the type of hemoglobin synthesized was studied by isolating the hemoglobin A, D, and H fractions and determining their total radioactivity. The hemoglobin in duplicate aliquots of incubation mixtures to which embryonic carrier chicken hemoglobin had been added was isolated by electrophoresis on starch block. The L-[14C]leucine incorporated into each fraction was counted and the total radioactivity for each type of hemoglobin was calculated. The results are shown in Figure 5 . At 5%, 12%, and 95% oxygen, the major hemoglobin A contained most of the radioactivity, the minor hemoglobin D contained less, while the least amount of radioactivity was in hemoglobin H. At 0% oxygen, the major hemoglobin A synthesis was similar at 1 hr to that at other oxygen tensions, but fell thereafter when cell viability was low. No differences in the amount of hemoglobin H synthesized at each hour were observed.
DISCUSSION
Erythropoiesis in the avian embryo, like that of the mouse and probably man (2, 11, 12, 22, 25) , has a distinctive pattern of development. The early primitive red blood cell proceeds to a definitive lineage which provides erythroid cells in late embryogenesis, early extraembryonic life, and throughout adult life. The primitive and definitive cell lines have distinctly different morphology. Furthermore, changes in the types of hemoglobins synthesized are associated with the transition from the primitive to the definitive lines (10, 26, 35) . Although this developmental pattern is similar to that seen in the metamorphosis from tadpole to frog (22, 31) , it differs from the pattern of progression from embryonic to adult hemoglobin which occurs in rabbits (38) , sheep (40) , and goats (45) . In man the switch from hemoglobin F to hemoglobin A appears to occur in the same cell of the definitive line and is independent of cell locus (5, 19, 27, 44 ).
The switch from hemoglobin A to hemoglobin C which occurs in the erythropoietic response of certain sheep and goats which are anemic and/or hypoxic (4, 7, 24, 41) has been shown to be inducible by erythropoietin (1, 6, 17, 23, 32, 39 ). These two hemoglobins are synthesized in the same cells and the control of this transition appears to be at the nuclear level, probably via transcription (3, 18, 33) . This is in contrast to the mechanism for control of differentiation in species which shift from a primitive to a definitive cell line. Although precursors of the definitive erythropoietic cells are erythropoietin responsive, the shift from a primitive cell line and the associated switch in hemoglobin synthesis are probably not induced by erythropoietin (35) . However, the developmental changes in the pattern of hemoglobin in such species is also not entirely explained by changes in cell type, e.g., alterations in the rate of synthesis of hemoglobin E l , E l l , and E l l , appear within the primitive cell line of the mouse (16, 38) .
In recent studies of hemoglobin synthesis in cultured normoblasts from human fetal liver, differentiation of the normoblasts occurred in response to erythropoietin; however, a similar degree of differentiation occurred in fetal erythroid cells which had been maintained without erythropoietin. This suggests the possibility that differentiation in the fetal system may not be entirely erythropoietin dependent (37) and that nonerythropoietin stimulators and repressors of erythropoiesis may exist.
The erythroblasts in the present study were isolated from fetal liver by a modification of the technique of Hommes (21) . The separation of isolated erythroblasts from hepatocytes provides a system in which hepatocytic factors are minimized. Thus, direct effects on and of erythroblasts can be observed. The viability of this system, as judged by microscopic and biochemical criteria, provides cells with excellent functional capacity. Cellular energy metabolism assessed by intracellular ATP levels is well maintained.
The present studies have shown that when there is sufficient oxygen for erythroblasts prepared from the livers of 14-day-old avain embryos to be viable, the amount of hemoglobin synthesized and the type is unchanged. Thus, after 1, 2, 3, and 4 hr of incubation in oxygen atmospheres of 5%, 12%, and 95%, there were similar rates of hemoglobin synthesis and the proportion of hemoglobins A, D, and H was unchanged. In addition, the rate of total protein synthesized was also similar at each oxygen tension. However, when the fetal hepatic erythroblasts were oxygen deprived there was a fall in ATP over a I-hr period followed by a marked decrease in the synthesis of the major hemoglobin A and the minor hemoglobin A fractions. The effects of hemoglobin D could not be ascertained since such changes would have been too small to detect quantitatively by the methods used in this study.
The oxygen tension of avian embryonic blood is not known; however, the fetal lamb in utero has an oxygen tension of 25 mm Hg which is equivalent to 3.5% oxygen (13) and is close to the 5% oxygen atmosphere which we studied. Since the physiologic optimum for most tissue culture cells is from 1% to 10% oxygen HOURS AT 37OC M I N U T E S AT 37OC Fig. 3 . Effect of oxygen on ATP concentrations in erythroblasts isolated from avian fetal livers. Cells were isolated, incubated, and prepared as described in the text.
HOURS AT 37OC Fig. 4 . Effect of various oxygen concentrations on hemoglobin synthesis in erythroblasts isolated from avian fetal liver. Cells were isolated, incubated, and prepared as described in text. Fig. 5 . Effect of various oxygen concentrations on type of hemoglobin synthesized in erythroblasts isolated from avian fetal livers. Cells were isolated, incubated, and prepared and the hemoglobin types separated by electrophoresis on starch block as described in the text. (20, 34) , the present study at 0%, 5%, and 12% oxygen does not support a direct effect of oxygen on the type of hemoglobin synthesized at this stage of fetal development. However, the present studies were performed in avian embryos at an age when the switch from primitive to definitive cell lines is almost complete. Boyer et a/. (5) have recently shown that the frequency of cells responsible for hemoglobin F synthesis in adult man is not selectively influenced by exposure to hypoxia. A direct effect of oxygen on the type of hemoglobin synthesized could occur earlier in embryogenesis when the primitive cell line does not appear to be erythropoietin dependent and other nonerythropoietin controls are more likely to exist.
HOURS
The possiblity exists that fetal liver may be a source of erythropoietin. Erythropoietin activity has been observed in long term fetal mouse liver cultures (46) . However, as this tissue includes predominately hepatocytic cells, the observed activity may have resulted from hepatocytic cell function or by activation of a factor present in the media (including native horse serum) (46) . In the present study, the isolated erythroblast system contains very few hepatocytic cells and no serum, and therefore it is unlikely that erythropoietin production by these cells would exist.
Oxygen delivery to the right and left lobes of the liver may be different in utero because of streaming of well oxygenated blood from the umbilical vein via the ductus venosus to the left lobe of the liver in contrast to deoxygenated blood from the portal vein which is delivered primarily to the right lobe (42) . Since more erythropoietic foci exist in the right lobe than in the left lobe of the neonatal human liver (l5), it is possible that oxygen at low tension does control the type and/or rate of hemoglobin synthesized in the human fetal liver.
The erythroblasts system described herein offers an excellent source of cells for short term tissue culture studies of the switch from human hemoglobin F to A, as well as for studies of erythropoietin and nonerythropoietin stimulators of erythropoiesis such as cyclic nucleotides and the substituted steroids of placental and of nonplacental origin. SUMMARY A system is described for the isolation of erythroblasts from fetal liver. The isolated cells are functionally intact as judged by anatomic and biochemical criteria (e.g., intracellular ATP levels). The type and rate of Hb synthesis in these cells is not altered by oxygen tensions from 5% to 95%. 
